Abstract The external layer of a teleost fish scale is composed of type I collagen, an amorphous matrix substance and hydroxyapatite crystals. Calcification of this layer can be inhibited in the scale-regenerating process under calcium-and phosphate-deficient (CaDPD) conditions, and can be facilitated by incubation in physiological saline. The aim of this study was to evaluate this model of calcification using histological and quantitative analysis in order to promote further understanding of the mechanism of calcification in fish scales. We found that the external layer of the scales produced under CaDPD conditions contained more densely aligned collagen fibrils with a small amount of the amorphous matrix substance. The CaDPD scale contained only one-third of the amount of calcium and phosphate present in the control fish. After 4 hours of incubation, a two-to threefold increase in calcium content and a 1.5-fold increase in phosphate content were observed. Calcification proceeded in the external layer, and mineral deposits grew only in the electron-dense matrix substance. We conclude that this model would be suitable for studying the early process of fish scale calcification that occurs in the noncollagenous substance. The electrondense substance may contain key molecules that promote calcification.
Introduction
The innermost layer of the teleost fish scale, the basal plate, is a collagenous plate that has a unique fibril alignment similar to a mammalian cornea. In both the basal plate and the cornea, multiple collagen layers are stacked, and the fibrils in one layer are parallel but those in different layers are orthogonal [1] [2] [3] [4] . As a result, the layers form a plywood-like structure. Because of the extremely high regenerating ability of the scale, the process of scale regeneration is a good model with which to study the cellular mechanism employed to construct cornea-like collagenous extracellular matrix [5] . Clarification of the mechanism is a prerequisite for bioinspired fabrication of artificial collagenous matrices to replace an injured cornea in regenerative medicine [5] . Our research is now concerned with the fabrication of such matrices using scale collagen, since it has low risk of zoonotic infection compared with the current major collagen source (bovine and porcine) for medical use.
Another layer of the scale, the external layer, has a structure similar to that of fibrous bone or dentine. It consists of calcium phosphate hydroxyapatite crystals, collagen (mainly type I), and amorphous noncollagenous substances [6] [7] [8] [9] . Therefore, the process of regenerating the external layer would be a good model with which to study the cellular mechanism employed to construct a bone/ dentine-like calcified collagenous matrix. Bone is a tissue that has a limited ability to regenerate, and so bone substitutes are often required for clinical treatment. Although the fabrication of artificial materials suitable for such a purpose has long been attempted, at present there is no satisfactory one that has excellent biocompatibility, high osteoconductivity and bioactivity. In order to fabricate high-performance bone substitutes, it is important to mimic the composition and organization of bone extracellular matrix, which is generally an important determinant of cellular behavior such as cellular adhesion, migration, proliferation and differentiation [10] . Regulating the size and organization of the hydroxyapatite crystals is quite an important task, as can be inferred from the fact that gene expression patterns related to osteoblast adhesion, proliferation, extracellular matrix synthesis and differentiation are regulated in part by the size of the sieved hydroxyapatite in MC3T3-E1 mouse osteoblastic cells [11] . However, studies on the mechanism of scale regeneration including early mineral deposition are scarce, except for histological observations of the regenerating process. For this reason, our understanding of this process from a physiological, biochemical and molecular perspective remains incomplete.
Iguchi [12] and Yamane et al. [13] reported that fish reared in distilled water and fed a calcium-and phosphatedeficient diet (CaDPD conditions) regenerate uncalcified scales, and that these uncalcified regenerating scales can be subsequently artificially calcified in vitro. This technique is useful for investigating the precise physiological and molecular mechanisms underlying early mineral deposition. However, the structure of the scales regenerated under CaDPD conditions, the calcification levels of the uncalcified and artificially calcified scales, and the ultrastructure of the mineral deposits and their surrounding areas after incubation are unknown. For these reasons, this model cannot yet be accurately applied to studies of calcification mechanisms.
In this study, we have re-evaluated this mineralization model. First, we quantified the calcium and phosphate levels of scales regenerated under the CaDPD condition. Second, we evaluated the effects of incubation in physiological saline on the calcium and phosphate levels of the regenerating scales. Thereafter, light and electron microscopic observations were conducted to compare the structures and mineralization states of scales regenerated under control and CaDPD conditions, as well as those of regenerated scales that were subsequently calcified in vitro.
Materials and methods

Fish
Goldfish (Carassius auratus; weighing about 48.4 g) were purchased from a commercial dealer. They were kept in tap water at 26°C and fed a commercial diet (4C; Nippon Formula Feed Mgf Co., Ltd., Kanagawa, Japan) 4 times a day (total 4% of body weight/day) for at least 1 week before the experiment.
Experimental diet
A calcium-and phosphate-containing diet (control diet) and a calcium-and phosphate-deficient diet (CaDPD diet) were prepared largely by following the method of Takagi et al. [14] . The compositions of the two diets are listed in Table 1 . The calcium contents of the control diet and the CaDPD diet were 15.64 and 0.49 mg/g dry weight, respectively. The phosphate contents of the control and the CaDPD diet were 42.3 and 1.78 mg/g dry weight, respectively.
Experimental protocol
After the fish had been anesthetized in a 0.02% solution of 2-phenoxyethanol, every second scale was removed from each entire flank. Next, the fish were divided into two groups, each containing eight fish. Fish in the first group (''control fish'') were reared in tap water at 26°C and fed the control diet four times a day (a total of 4% of body weight/day). Fish in the second group (''CaDPD fish'') were reared in deionized water at 26°C and fed the CaDPD diet four times a day (a total of 4% of body weight/day). After 7 days, the fish were again anesthetized and all of the regenerating scales were collected; these scales were called the ''first-trial scales.'' The fish were then reared for another 7 days in each condition, and all of the regenerating scales were collected again (''second-trial scales''). The fish were reared for a further 7 days in each condition, and the regenerating scales were obtained (''third-trial scales''). The regenerating scales collected were subjected to calcium and phosphate content analysis as well as light and electron microscopy. A portion of the regenerating scales was also used for the in vitro calcification experiment.
In vitro calcification
A portion of the regenerating scales was incubated in physiological saline (Na ? : 154 mM; K ? : 7 mM; Ca 2? : 2.5 mM; Mg 2? : 1.5 mM; PO 4 3-: 2 mM; glucose: 10 mM; HEPES: 10 mM; pH 7.4) for 4 h at 37°C. After this incubation, the scales were subjected to calcium and phosphate content analysis, as well as light and electron microscopy.
Ca and Pi content analysis
The scales were dried overnight at 80°C, weighed and solubilized in concentrated HNO 3 at 40°C. Calcium levels were measured by a Hitachi Z-6100 polarized Zeeman atomic absorption spectrophotometer (Tokyo, Japan). Inorganic phosphate levels were determined by following the method of Goldenberg and Fernandez [15] using a Hitachi U-2000 spectrophotometer (Tokyo, Japan).
Light microscope observation
The regenerating scales were fixed in 70% ethanol and divided into two groups. The scales in one group were immersed in a 1% silver nitrate solution and illuminated with fluorescent light for 10 min to detect calcification sites. Next, they were rinsed in deionized water, mounted on glass slides and examined with a Nikon eclipse E800 light microscope (Tokyo, Japan). The scales in the other group were dehydrated in a graded series of ethanol and embedded in JB-4 resin (Polysciences, Inc.). Frontal sections (3 lm thickness) were cut with a Reichert-Jung 2050 microtome (Heidelberg, Germany), stained with 1% silver nitrate and a mixture of methylene blue and azure II, and observed under a light microscope.
Transmission electron microscope (TEM) observation
The scales were immersed in a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.6) for 2 h at room temperature. After a short rinse in buffer, the samples were postfixed for 1 h in 1% OsO 4 in 0.05 M cacodylate buffer (pH 7.6). The samples were then rinsed in buffer, dehydrated in a graded series of ethanol, and embedded in Spurr resin (Agar Scientific Ltd., Stansted, UK). Ultrathin sections were cut with a ReichertNissei Ultracut N ultramicrotome (Heidelberg, Germany) using a diamond knife. Sections were unstained or stained with uranyl acetate and lead citrate and examined with a Hitachi H-7000 transmission electron microscope (Tokyo, Japan).
Statistics
Student's t test for unpaired data was used to test the significance of the means between the control and CaDPD group. Student's t test for paired data was used to test the significance of the means of the calcium and phosphate content of the scales before and after incubation in the in vitro calcification experiments. Statistical significance was set at P \ 0.05. All data are reported as the mean ± standard error. All analyses were performed with Stat View 5.0 for Windows (SAS Institute Inc.).
Results
Calcium and phosphate contents of the regenerating scales
As shown in Fig. 1 , the dry weight of the regenerating scales collected from CaDPD fish was about 80% of that from control fish in all trials. Figure 2 shows the calcium and phosphate contents of the regenerating scales before and after incubation in the in vitro calcification experiments. Before the incubation, the calcium and phosphate contents of the first-trial scales from CaDPD fish were about 30 and 33%, respectively, of those of first-trial scales from control fish. Moreover, the calcium and phosphate contents of the second-and third-trial scales from CaDPD fish were even smaller than those of the first-trial scales. After incubation, the calcium and phosphate contents of the regenerating scales collected from control fish increased only slightly: the calcium content was only significantly higher after incubation in the third-trial scales. The calcium content of the scales from CaDPD fish was increased by two-to threefold after the incubation. The phosphate content of the regenerating scales from CaDPD fish was increased by about 1.5-fold after the incubation. However, the calcium and phosphate contents of the scales from CaDPD fish did not reach the levels seen in the control fish after the incubation. Figure 3 shows a surface view of the first-trial scales stained with silver nitrate, before and after the incubation. Before the incubation, the control scales showed strong staining with silver nitrate except for the marginal narrow area and grooves. In the scales from CaDPD fish, by contrast, silver nitrate staining was weaker than that in the scales from control fish. In particular, the marginal wide area did not react with silver nitrate. The results were almost the same for the second-and third-trial scales. After the incubation, both the control and the CaDPD scales reacted well with silver nitrate.
In the histological sections (Fig. 4) , the regenerating scales from control fish comprised an outer flat-cell layer, an external layer that reacted with silver nitrate, the basal plate, and an innermost cubic-cell layer. The structure was the same in the scales collected from CaDPD fish; however, the external layer of the regenerating scales from CaDPD fish was scarcely stained with silver nitrate and had more pores and concavities containing several cells.
Around the pores and concavities, the silver nitrate staining was even weaker than in the other parts of the external layer. After the incubation, silver nitrate reacted only with the external layers of scales collected from both the control and CaDPD fish. The extent of the reaction with the scales of the CaDPD fish increased after the incubation.
Transmission electron microscopy
In the regenerating scales collected from the control fish, the external layer was morphologically divided into five layers, mainly depending on the diameter of the collagen fibrils (Fig. 5) . The outermost layer, to which flat cells were attached, was composed of scattered collagen fibrils (about 10 nm in diameter) with an electron-light substance (the A layer). The next layer comprised relatively assembled but scattered collagen fibrils with a diameter of about 20 nm (the B layer). The spaces between the fibrils were filled with electron-dense and electron-light amorphous substances. Next to the B layer, a layer with thick collagen fibrils (about 50 nm diameter) was observed (the C layer). The collagen fibrils were aggregated and formed thick bundles. Electron-dense and electron-light substances filled the spaces between the collagen fibrils. This layer was in part patchily distributed in the innermost of the external layer. Under the C layer, the D layer, whose structural features were similar to the B layer, was observed. The innermost layer was composed of collagen fibrils (about 50 nm in diameter) that were most aggregated and relatively aligned (the E layer). In the CaDPD scales, the amount of noncollagenous matrix in the external layer was much less than that in the control scales, resulting in densely packed collagen fibrils in the external-layer matrix. Moreover, only the B-and E-like layers were observed. The B-like layer was composed of two parts. One had a small amount of electron-dense substances between the fibrils, whereas the other had electron-light substances. None of the boundaries between the layers was clear.
To investigate the mineral deposits in the external layer, unstained sections were examined (Fig. 6 ). In the unstained sections of the control scales, the external layer comprised amorphous electron-dense and electron-light substances, and electron-dense spindle-shaped particles were observed in the electron-dense substance. The central region of the external layer (where the B and C layers may be distributed) were rich in the electron-dense substance and particles, as observed in the stained sections. In the external layer of the CaDPD scales, by contrast, the electron-dense particles and substances were scarcely observed. After incubating the CaDPD scales, the electron-dense substance was observed more frequently in the central region of the external layer, where B layer was distributed in the stained sections, and the spindle-shaped particles appeared within this substance. However, the particles were smaller than those in the control scales. The amount of particles in the CaDPD scales was also less than in the control scales.
Discussion
We have shown here, using both histological and quantitative methods, that fish reared under CaDPD conditions regenerated scales in which calcification was inhibited. It was also observed that calcification of these scales in physiological saline could only proceed in their external layers, as observed in the control regenerating scales in vivo. Moreover, electron-dense, spindle-shaped particles, which morphologically resembled mineral deposits present in fish scales [2, 7, [16] [17] [18] , grew in an electron-dense substance in both the regenerated scales from control fish and the in vitro incubated scales from CaDPD fish, although the amount of this substance was smaller in the latter. These findings suggest that the mechanisms of calcification induced in the CaDPD scales in vitro and the control scales in vivo are comparable, and so the CaDPD scale is a good model with which to study the mechanism underlying the early calcification of teleost scales.
The CaDPD scale is composed of an external layer and a basal plate, as is a control regenerating scale. In the CaDPD scale, however, the dry weight was lower and the density of collagen fibrils was higher than that in the control scale.
These results indicate that deposition of the scale matrix components, especially that of noncollagenous substances, is inhibited under CaDPD conditions. In addition, Iguchi [12] and Yamane et al. [13] reported that goldfish reared under CaDPD conditions resulted in hypophosphatemia but not hypocalcemia. Under calcium-deficient conditions, tilapia Oreochromis niloticus induces calcium mobilization from its scales and bones and prevents hypocalcemia [14, 19] . Thus, inhibition of calcification in the CaDPD scales is caused by both a smaller amount of noncollagenous matrix and hypophosphatemia, but not by hypocalcemia. Matrix vesicles are the membrane-bound particles located in the extracellular matrix of various calcified tissues. They contain a putative calcification-inducing enzyme, alkaline phosphatase, and are generally accepted as being calcification-inducing structures in various calcified tissues in mammals [20] [21] [22] [23] . In previous studies of regenerating scales, some researchers have observed matrix-vesicle-like structures with hydroxyapatite-like crystals in the marginal scale area, where calcification initiates [2, 7, [16] [17] [18] . However, a mineral deposit has also been observed in the external scale layer, independent of such structures. Olson and Watabe [24] showed that the mineral deposits of developing scales were not related to observable substances or structures in the sheepshead minnow Cyprinodon variegatus. In the developing scales of chum salmon Oncorhynchus keta, goldfish, guppy Lebistes reticulatus and Poecilia reticulata, tilapia Tilapia rendalli and rainbow trout Salmo gairdnerii irideus, mineral deposits are observed in the interfibrillar electrondense substance [2, 6, 8, 16, 25] . Thus, the matrix vesicles are not prerequisites for scale calcification, as suggested by Bereiter-Hahn and Zylberberg [2] . In this study, using the in vitro system, we succeeded in showing that calcification during goldfish scale regeneration is initiated in the electron-dense substance, independent of matrix vesicles. Therefore, the present in vitro system is suitable for studying the mechanism of matrix-vesicle-independent calcification.
Using histochemical methods, Maekawa and Yamada [6] suggested that electron-dense particles, containing sulfated mucopolysaccharides and protein-mucopolysaccharide complexes, play a role in the nucleation of the mineral phase in the scales of juvenile rainbow trout. The electron-dense substances that we observed in this study may also be calcification-inducing proteoglycan composites, as suggested by Maekawa and Yamada [6] . It is difficult to imagine that a 4-h incubation could induce the rapid synthesis of calcification-related organic matrices by scale-forming cells. We therefore propose that these molecules may already exist in the CaDPD scale matrix, dispersed in the interfibrillar spaces, although there may be less of them than in normal scales. Incubation in physiological saline may induce these molecules to aggregate and show electron density, and the process of calcification may be induced by the aggregated macromolecules. The importance of aggregated macromolecules in the initiation of calcification was also reported for mammalian bone. Recently, it has been reported that local extracellular nucleation complexes called ''biomineralization foci,'' which are independent structures with matrix vesicles, consist mainly of bone acidic glycoprotein-75 (BAG-75) and bone sialoprotein in UMR106-01 osteoblastic cultures [26] . BAG-75 has the ability to self-associate into 10-20 lm supramolecular spherical complexes composed of microfibrils [27, 28] . Immunohistological analysis using a BAG-75 aggregation-specific monoclonal antibody showed that a BAG-75 complex exists in vivo at the site of new primary bone formation [28] , suggesting that matrix-vesicle-independent calcification also occurs in mammalian bone. We assume that the electron-dense matrix substance observed in this study may comprise aggregated macromolecules similar to the biomineralization foci in mammalian bone, and may play an important role in the matrix-vesicle-independent calcification of scales.
Calcification-related organic matrices that can promote hydroxyapatite nucleation have long been studied in mammalian calcified tissues. Nevertheless, only a few proteins have been identified as crystal nucleators [29] . The method developed in this study will be a key tool for identifying organic matrices that promote scale calcification, especially in the early stages of calcification. Further biochemical and molecular biological investigations will reveal the molecular composition of the electron-dense substance and the mechanism underlying matrix calcification in detail. Such information will be applicable to the development of artificial bone using scale collagen.
